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FOREWORD

Tracking low-elevation, highly maneuverable targets at short range with fire control ac-
curacy is a high-priority problem for ship self-defense. This technical note examines the
possibility of detecting target vertical motion by using W-band Doppler information on low-
elevation targets in the presence of multipath propagation. Low-elevation targets are difficult
to track because large errors occur in the elevation measurements during the multipath nulls,
which are characterized by a lower signal-to-noise ratio. A level-flying target appears to per-
form large maneuvers in the vertical plane during the multipath nulls. The presence of these
nulls makes it difficult to ascertain if a target is performing an actual maneuver.

In the presence of multipath reflections, the returning scattered signals are shifted in
frequency by amounts that are different for the directly reflected and the sea-surface reflected
rays. If the difference between the shifted frequencies can be detected in the presence of
spectral broadening resulting from a variable range rate and limited resolution, the difference
can be used to obtain more accurate target position determinations. Only certain types of
trajectories have radial velocity components such that the target and its multipath image
can be both detected and distinguished. If W-band Doppler processing can be used to detect

vertical motion of low-elevation targets, it will provide an important contribution to ship
self-defense.

The present study was supported by the Surface Weapons Systems Technology Program,
managed at NSWCDD by Robin Staton. This technical report was reviewed by Dr. Theodore
R. Rice, B-32.
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ABSTRACT

The detection of vertical motion of a low-elevation target in multipath by frequency -
analysis using millimeter waves such as W-band radar is considered. Target vertical motion
can be detected if the range rate of the image differs sufficiently from that of the target
itself, so that their Doppler shifts allow resolution of the target return from its image.
This observed difference in frequency provides additional information on target position
and velocity. The favorable circumstances that create the possibility of using this effect
to detect vertical target motion are discussed. An optimum interval in the time domain for
analysis is developed for the case when the multipath-induced splitting of the Doppler-shifted
frequencies is resolvable. A procedure is outlined for determining at each radar dwell (1)
whether or not the multipath returns are resolvable, and (2) the appropriate analysis interval
for achieving the resolution. A practical signal-processing technique is suggested for achieving
the desired spectral resolution. Several examples of target trajectories are presented to
illustrate cases where each method succeeds or fails. Conclusions and recommendations for
further studies are given.
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CHAPTER 1

INTRODUCTION

The range rate of a constant-speed target and consequently also the Doppler shift de-
pend on the flight-path angle relative to the radar. Thus, changes in the flight-path angle
can be detected by Doppler measurements. Measurements of Doppler frequency shift have
been used along with measurements of target range, elevation, and azimuth in the Kalman
filtering process to provide more accurate state estimates than would be achieved by using
position measurements alone. Maneuvers that are associated with a change in target accel-
eration are more readily detected through measurements of velocity than by measurements
of position. Here, we wish to consider other ways in which measurements of Doppler can
provide additional clues regarding target motion. One way involves making use of the differ-
ence in range rate of a low-elevation target and its multipath image. This effect is enhanced
by using millimeter-wave radar (i.e., W band).

Besides using this Doppler shift in the Kalman process to enhance the accuracy of the
state estimates, it can be used within the Interactive Multiple Model algorithm to provide
better model or mode detection. For example, while tracking a target in approximately level
flight, a sudden decrease in Doppler shift might indicate a diving or ascending maneuver
and trigger an emphasis on the maneuver mode. The same concept is valid in a three-
dimensional trajectory, where the shift in Doppler could be related to azimuthal motion as
well as change in flight-path angle. To accommodate more complicated scenarios, the appro-
priate algorithms would be developed to use the Doppler measurements in this additional
way.

To use the small difference in Doppler shifts between the target and its multipath image,
several conditions need to be satisfied to obtain useful results. A simple way of relating these
frequency shifts is to consider two functions, the target slant range p(¢) and the path-length
difference (PLD), s(¢), which is equal to the image slant range minus the target slant range.
There are three paths by which a radar signal emitted from the transmitter can echo from
the target and return to the receiving antenna. These are (1) the Direct-Direct (DD) path of
length 2p with no sea reflection, (2) the Direct-Reflected (DR) or the Reflected-Direct (RD)
path of length 2p + s with one sea reflection, and (3) the Reflected-Reflected (RR) path of
length 2(p + s) with two sea reflections. Accordingly, under ideal conditions there would
be three distinct Doppler shifts in frequency (the difference between the DR and the RD
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shift being always too small to be detected). Since s is usually only a few centimeters for
a low-E target, it is necessary that the rate of variation of s be appreciable. To a rough
approximation, |ds/dt| is larger for a sharply ascending or diving target. It is also possible
for the target to fly along the surfaces of equal PLD to make it impossible to resolve the
image Doppler from the target Doppler. Another difficulty is Acceleration Broadening of the
Doppler lines caused by variation in range rate during the interval over which the harmonic
analysis is performed. In many situations, this effect makes it impossible to resolve the three

Doppler shifts.

In cases where the multipath frequency shifts can be resolved from the skin shift, the
results of the frequency analysis can be used in two ways. First, the amount of splitting
provides an estimate of ds/dt, which could be considered as an additional measurement and
factored into the Kalman update to provide a more accurate estimated state. Secondly, the
target peak contains no contribution from rays reflected from the sea surface, and thus is
not affected by multipath. Even in situations where the multipath shifts are not completely
resolvable, a small number of Fourier coefficients near the combined Doppler frequency may
contain sufficiently different information in the sum and difference channels to allow some
purification of the total return from the part contributed by sea reflections. To implement
this concept, those Fourier coefficients would possibly be treated as additional observations

in the filtering scheme.

To make use of these effects, considerations of radar technology, the kinematics of the
target trajectory, and issues of signal processing all need to be examined. A preliminary
discussion of these matters is given in subsequent chapters. The important matter of at-
mospheric effects including ducting are not considered at this time. Note that the figures

appear at the end of each chapter.
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CHAPTER 2

DOPPLER SHIFT OF MULTIPATH IMAGE

In multipath there are four ray paths over which the transmitted signal can reach the
target and return to the receiving antenna. Let these be designated DD, DR, RD, and RR,
for Direct-Direct, Direct-Reflected, etc. If p is the target slant range, then these four paths
have total lengths given by

DD 2p

DR 2p+s
RD 2p+s
RR 2p+2s

‘where s has been called the PLD and is defined as

S=pat+pt—p (2.1)

where p, is the distance from the antenna to the specular sea reflection point, and p; is
distance from the specular sea reflection point to the target. For a low-flying target and
shipboard antenna, the PLD is only a few centimeters. Figure 2-1 displays the PLD as a
function of target range and target height, which may be denoted by the function s(p, H),
where the implicit dependence on Earth radius and antenna height is not indicated. The
frequency shift caused by Doppler is proportional to the time rate of change of these four ray
paths. The motion of a target affects these rates of change through the velocity components
dp/dt and dH/dt, where H is target height and t is time.

Reflection from the sea surface is complicated and poorly understood. A simplified model
studied by Northam! considers the reflected signal as consisting of two components. The
first is the specular component, which is a wave that would be reflected from a flat mirror
with a certain reflection coefficient. The second is the diffuse component, which is composed
of the reflections from many facets of the irregular water surface, which is more conveniently
treated statistically. The specular component suffers a phase reversal upon reflection, and
thus the phase received at the antenna is determined by the total round-trip path length plus
the phase reversal. The phase of the diffuse component is treated as a stochastic variable with
uniform distribution on {0,27). The discussion presented here considers only the specular
component.
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The effect of target motion on the Doppler-shifted radar signal has been studied by Gray?.
If the motion is consistent with a constant range rate, then the Doppler effect produces a
shift in frequency. (Otherwise, the more complete treatment of Chapter 4 is necessary.) It
is convenient to consider the difference of the frequency shifts of the reflected rays relative
to that of the DD ray, which is just the ordinary skin Doppler shift given by

__2dp
Ja=— 7 (2:2)

These relative multipath shifts are

for DR or RD — Afi =—

c

! [dy, 0o dt

—=L
Jpdt OH dt (2.3)

2f

for RR — Afy = - [33@ + _(?_s_glﬂ}

dpdt T H di

where ¢ is the speed of light and f is the frequency of the transmitted radar signal. The
* gradient components that enter the relations (Equation (2.3)) can be readily computed. The

relations for sea reflection on a spherical Earth are®*
pi(2ah + h? — p2) = pa(2aH + H? — pf) (24)
and
*[(pa + p1)? — ] = (2ah + h* — p})(2aH + H® ~ p}) (2.5)

where a is the radius of the Earth and h is antenna height, as denoted in Equation (2.2).
These equations, which can be used to determine p, and p; when the other quantities are
known, were used to construct Figure 2-1. The components of the gradient of s can be
determined by differentiating Equations (2.4) and (2.5) with respect to p while keeping H
constant. Thus,

0pq P
[=2papt = 20l — H' + ﬂ?]—(% +[2ah + h* — p} + QPaPt]a—/Z =0

0pq
[a®(pa + p1) + (20H + H? — pf)pa]-——a’; (2.6)
0
+[a2(/’a + Pt) + (2ah + h2 — pg)pt]-aL;t = a2p

which is a linear equation in the gradient components. If Equations (2.4) and (2.5) are
differentiated with respect to H keeping p constant, the same coefficient matrix is obtained
for the gradient components 0p,/JH and dp;/0H, where the equations are now

0 0
[~20apt — 2aH — H? + pF1 5% 4 [2ah + b — p2 + 2papt] e = 2(a + H)pa

Pa
oH

; oH
Opa
[@(pa + p1) + (20 + H” = p})pal '
0
+aX(pa + p1) + (2ah + b = p2)pd] 5l = (a+ H)(2ah + B* ~ pf) -
(2.7)
2-2
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The components of the gradient of s are then obtained from Equation (2.1). The results
are shown in Figures 2-3 and 2-4. Figure 2-3 shows a family of curves representing the range
component of the PLD gradient as a function of target range, for target heights of 2.5, 5.0,
7.5,..., 25 m. Figure 2-4 shows the family of curves for the height component of the gradient
of the PLD for the same height values.

Consider an example where an incoming threat is located at a range of 6 km and a height
of 10 m with a range rate of -300 m/s and rising at a rate of 10 m/s. The target is observed
with a 100 GHz radar signal. From Figures 2-3 and 2-4 the PLD gradient components are
0s/0p = —1.1 x 1075 and 0s/0H = 6% 10~3. With the given threat velocity, Equation (2.3)
gives Af ~ (3.3 x 1073 46 x 107%) f/c ~ 20 Hz. The Doppler shifts for the target itself and
the two multipath shifts are thus 200 kHz, 200.02 kHz, and 200.04 kHz. In this example,
the threat is rising and is therefore crossing the iso-PLD surfaces at a faster rate than if it
were in level flight. The vertical component of the threat velocity contributes more to this

. shift than the horizontal component. If the threat wished to minimize the Doppler shift, it

would fly down along one of the iso-PLD surfaces during the final phase of flight where the
PLD gradient becomes large.
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Figure 2-2.

Geometry of sea reflection
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CHAPTER 3

SIGNAL PROCESSING METHODS AND ISSUES

The Doppler signal will have to be processed in such a way as to achieve a resolution
of about 8 Hz to render observable the separation of the frequency lines due to multipath
effects during acceleration. The following is a suggested method for this processing.

The frequencies of interest are expected to be within 60 to 120 Hz of the line associated
with the true target Doppler (i.e., the skin line). The analog signal should be mixed down to
a center frequency that is BW/2 less than the skin line, where BW is a selected bandwidth
centered on the skin line. A rough estimate of the skin line value can be obtained from the
tracking filter range rate. By allowing BW to be much larger than 120 Hz (say 15.565 kHz),
there is little chance that the frequency lines of interest will be shifted too much (i.e., into the
negative frequency band) and become aliased. Once the mixing is accomplished, the signal
can be sampled at 2 BW. If BW is 15.565 kHz, an N-point FFT will then give a frequency
resolution of Af =7.6 Hz, if N=2(15565)/7.6 = 4096 points. With this high resolution
periodogram, the skin line frequency can then be found again, with much higher accuracy
than was done using the track filters. The separate frequency line due to the multipath can
then be searched for within a £120-Hz band about the skin line frequency. This process is
illustrated in Figure 3-1.

Since the multipath Doppler lines are so close to the skin line, some concerns associated
with this method include the effects of windowing and airframe vibration. First, sidelobes
associated with the skin line will be present, due to the rectangular window resulting from
the finite length of the data sequence. The sidelobes may be of sufficient amplitude to
obscure the multipath Doppler lines. If a time window is applied to reduce the sidelobes,
the mainlobe will grow wider. This widening may also obscure the multipath lines. Perhaps
an optimal time window will have to be chosen to minimize the effects of this problem.

Another issue is airframe vibration. Since the airframe may vibrate with a natural fre-
quency on the order of 20 to 100 Hz, there is a question as to whether the vibrational
frequencies will obscure the separation of the spectral lines due to multipath. The lowest
mode, near 20 Hz should be dominant. Since it is a sinusoidal motion, lines due to vibration
should appear on both sides of the skin frequency. Lines due to multipath should appear
only on one side of the skin frequency. This information could permit the vibrational lines

3-1
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to be ignored or removed during processing. Cepstral processing could possibly be applied
to locate and remove the vibrational lines in a manner similar to echo removal from audio
signals, but some distortion of the desired signal will result®. It remains to be determined
whether or not the amount of this distortion can be tolerated.

This analysis has thus far neglected the effects of acceleration broadening of the skin

line. This is not directly related to physical acceleration and can occur even when the

target is not accelerating, as in Case Study 3 in Chapter 5. It is caused by a nonuniform
range rate resulting in a nonvanishing p, where the dots indicate time derivatives. Since
the quantity j is readily estimated from repeated measurements of range and/or Doppler,
and has the dimensions of acceleration, it is given the name range pseudoacceleration and is
expressed in ¢ units when convenient. It is related to true physical acceleration in an indirect
way. It is recalled that in polar coordinates (p, E) the radial component of acceleration is
given by p — pE?, where the second term is the centripetal acceleration. Thus, it can be
written (range pseudoacceleration) = (radial acceleration) 4 (centripetal acceleration). A
discussion of acceleration broadening in the case of nonuniform target motion is given in
Reference 6. A constant range pseudoacceleration of just one g may cause a single Doppler
spectrum line to broaden to a width of 200 Hz at W band. Obviously, the three spectral
lines cannot be resolved with this much overlap when the separation is only about 20 Hz.
To avoid acceleration broadening, the target must follow a trajectory having small range
pseudoacceleration. It is clear that the multipath Doppler lines can be resolved only in

certain special circumstances.

These circumstances are roughly that the multipath splitting must be larger than the
acceleration broadening and larger than the spectral separation, which is the difference in
frequency required for two spectral lines to be resolvable by the signal-processing used. The
multipath splitting is the frequency interval between any two adjacent multipath Doppler-
shifted frequencies, as given by Equation (2.3) or deducible from Equations (4.6) and (4.8).
The acceleration broadening is as described in the previous paragraph. This suggests the
existence of two Resolution Parameters defined by

multipath splitting

multipath splitting
- _ _ I ) = : (3.1)
acceleration broadening spectral separation

The multipath splitting, acceleration broadening, and spectral separation are expressed in
terms of the width of a frequency range and are given by fos/c, 2fo(pmax — Pmin)/
and 1/T,, respectively, where pmax and ppy;, are the maximum and minimum range rates
occurring during the analysis time interval T,. If a constant range pseudoacceleration is
assumed during the analysis interval, then pmax — pppj, can be replaced by pT,. With these
definitions, the Resolution Parameters are given by |

$

o (3.2)

fosT,
c

P1=] : P2=[

3-2
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Of course, the multipath lines themselves can undergo broadening related to a nonvan-
ishing s, which would also exacerbate the problem of resolution. To be more precise, the
definition of P in (3.2) should replace |p| by |p| + |$]. But since s and its time derivatives
are not measured directly, and since the definitions (Equation (3.5)) are inexact and useful
only as a guide, this change is not recommended.

In order to err on the conservative side when § or p is not constant during the analysis
interval, the minimum value of |$| and the maximum value of |p| should be used. Then

|5| 1 f0|3| inla
P = min — min 3
! lﬁfmaxTa’ ok c (3 )

According to these definitions, it is necessary that Py > 1 and P, > 1, (probably P; > 1
and P, > 1), in order that the multipath Doppler signals be resolvable.

It is noted that a longer analysis interval improves the spectral separation but worsens
the acceleration broadening. Thus, an optimum 7, can be found by equating P; and Ps,

with the result being
c
Tont = 4 ) —— 3.4
P =V folplmax (3:4)

When this optimum analysis interval is used, the Resolution Parameters attain their optimum
(i.e. best compromise) value

fo

c|plmax (3:5)

Popt = l‘élmin
The general procedure is to examine the value of Popt in Equation (3.5). If this value does
not comfortably exceed unity, then no analysis interval will resolve the multipath lines. If
the value of Popt does exceed unity, then there is an optimum T, given by Equation (3.4).
If T, < Ty, where Ty is the dwell interval, then the data can be divided into segments of
interval T, and analyzed. A waterfall representation of the results will show the multipath
lines resolved. Alternatively, a more sophisticated time-frequency analysis”® will also achieve
the desired resolution. If T, > Ty, insufficient data are available to achieve an optimum
resolution, but if the value of P, in Equation (3.3) comfortably exceeds unity, an analysis
over the Ty interval will still resolve the multipath lines.
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CHAPTER 4

SCATTERED SIGNAL RECEIVED FROM A MOVING POINT"
TARGET IN MULTIPATH

CONTINUOUS WAVE DOPPLER

It is assumed that the radar is emitting a continuous unmodulated wave, allowing the echo
signals to be received at any desired time. The situation with pulsed Doppler is deferred
until later. The target trajectory is assumed specified, and it is required to determine the
nature of the scattered signals returning to the antenna. The only trajectory information
needed to determine the variation of phase (i.e., frequency) of the returning signal is the
time history of the target slant range p(t) and path-length difference s(t). When the time
rate of change of the slant range and PLD are constant, the simplified discussion of Chapter
2 is valid, but here the functions p(¢) and s(t) are general. The variation of amplitude of
the returning signal is not being considered. A signal returning to the receiving antenna at
time ¢ will have been emitted and scattered off the target at the times given in Table 4-1
for the four ray paths, where ppp(t) is the target slant range at the time when the signal
returning at time ¢ along the DD ray was being scattered at the target, and similarly for

ppR(t), prRD(?), and prRr(t).

Table 4-1. RAY CHRONOLOGY

Ray Path Scattered at Time Emitted at Time
DD t—ppp/c t—2ppp/c

DR t—(ppr+s)/c t—(2ppRr + s)/c
RD t—prp/c t—(2prp +3)/c
RR t—(prr +3)/c t~2(prr +5)/c

Let the emitted signal of amplitude A be represented by
V(t) = Acos(wt) (4.1)

Then according to Table 4-1, the signal that reaches the target at time ¢ along the DD ray
is ‘
Upp(t) = AKV(t — 2ppp/c) = AK cosfw(t —2ppp/c)] (4.2)

where K accounts for all reduction of signal strength from spreading to attenuation in air,
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and is different for the different signals even though the same symbol is used. It is required
to determine ppp in terms of the given function p(t). From Table 4-1 it is seen that
ppD(t)

ppp(t) = p(7), where 7=1-— — (4;3)

- This equation determines ppp(t), whose value can be found by successive approximations
using the given function p(t). In practical cases, the time argument on the right side of
Equation (4.3) might be assumed to be displaced by a small amount from the time ¢, because
the target displacement during the round trip of the microwaves may seem small. However,
a mach-two target flying toward the radar antenna and observed by W-band radar at a
distance of ten kilometers will have moved a distance of 2pv/c ~ 4 cm, where v is the range
rate. This is equal to several wavelengths of a W-band signal (A ~ 3 mm), which is by no
means negligible. Thus, it seems prudent to consider a Taylor expansion of Equation (4.3),

2
poo(t)=pt6) - 220500+ 7 (22280 0 .. (44)

The quadratic term of Equation (4.4) is of the order of tens of nanometers for a range pseu-
doacceleration of 10 g for the same example. This is indeed small compared to a wavelength
‘and can be ignored. Thus, ppp(t) can be evaluated from the first two terms of Equation

(4.4), and gives the result

poo(t) = 1+ @)“lp(t) = (1-22) oty (1.5)

c

neglecting higher powers of p(t)/c. From now on, whenever the time argument is not ex-
pressed explicitly, it is understood to be t. With the approximation (Equation (4.5)) the
signal Upp(t) can then be written as

Upp(t) = AK cos [w <t - g£<1 - 3))} | (4.6)

C Cc

When the same considerations are applied to the other rays, the results are

. . o
PRD = pDD = (1 - {:) p,  PDR=PRR= <1 - -'2) P (4.7)

which gives

_ [ s 2ps  2p p
Upr(t) = AK cos hw t—z T <1 - c)
Urp(t) = AK cos w(t——f—gg(l—~£ )] (4.8)
"\ ¢ ¢ c
o 25 2%s 2p( b
Urpr(t) = AK cos -w <t~—c-+—c—2—-— . <l c)>]
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After the foregoing approximations are made, it is noted that the functions Upp(t) and
Upr(t) differ by 2ps/c? in the time argument. In terms of phase, this is equal to 47 ps f/c? for
aradar frequency f. For W-band radar and a mach-1 approaching target with s about 20 cm,
this phase difference is about 0.6 mrad and is completely negligible. Therefore, the function
Ugrp(t) can be taken equal to Uppg(t). On the other hand, the functions Upp(t) and Upg(t)
differ by s/c in the time argument. The corresponding phase difference is 27sf/c, which is
about 100 cycles with the previously assumed values, with another 100-cycle phase difference
between Uppg(t) and Ugg(t). In view of the large size of these phase differences along with
uncertainties in phase related to an extended target size and various noise sources, the phase
relations between the three Doppler-shifted returning signals can be assumed random.
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CHAPTER 5

CASE STUDIES

CASES 1 AND 2

Consider the two trajectories of Figure 5-1, which represent an incoming constant speed
target with vertical maneuvers. The target initially moves with speed 300 m/s in level flight
at height 5 m, rising to a height of 20 m for several kilometers, and then descending back to
5 m. The turns are with lateral acceleration of 10 m/s? in the first trajectory, and 60 m/s?
in the second.

The mixed-down Doppler signals, plotted as functions of range, are shown in Figures 5-2
and 5-3. Here it is assumed that the skin line is perfectly tracked so that it is always mixed
down to 1280 Hz to place it at the center of a 2560-Hz bandwidth of interest. The skin shift

for the 6-g trajectory is larger because the rising and descending segments of the trajectory

are steeper, which because of the constant-speed constraint causes a greater rate of decrease

in the range rate.

In the level segments, the PLD is slowly increasing, which makes the image appear to
approach the origin slightly slower than the target itself and consequently the multipath
shifts lie below the skin shift. In the ascending segment, the PLD is increasing (see Figure
2-1) faster, which increases the difference in approach rates of the image relative to the target,
reduces the Doppler shift, and lowers the multipath shifts. In the descending segment, the
PLD is actually decreasing, which reverses the above effects.

In Figure 5-4, the idealized discrete Fourier transforms are shown for the two example
signals at the range points corresponding to maximum spectral separation for the ascending
segments of the trajectories. It has been assumed that the amplitudes of the DR and RD
image signals are half that of the skin return (DD), and the RR image signal amplitude is
one fourth that of the skin return. With a resolution of 5 Hz, the 1-g maneuver causes a
maximum spectral separation of about 15 Hz, or 3 FFT bins, and the 6-g maneuver causes
a maximum spectral separation of about 35 Hz, or 7 FFT bins.

The Resolution Parameters defined in Chapter 3 are useful in describing these phenomena.
At an upward-accelerating part of the trajectory showing a 6-g turn in Figure 5-1, it is found
that P; = 0.12 and P, = 3.41 for an analysis over the entire data interval of 0.13 s. The
value of Popt is equal to 0.63. Thus, there is no possibility of resolving the multipath lines
with a better selection of T,. '
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To carry out this analysis, 2!6 time samples were generated at intervals of 2 us, (i.e., a
0.5 MHz sample rate). These were then digitally heterodyned to a frequency of 15.565 kHz
less than the skin line by multiplying each time series by e=27{(fo+fa=BW)t \where BW is
bandwidth. The data were then down-sampled by taking every 16th point to give a sample
frequency of 2 BW=31130 Hz, as shown in Figure 3-1.

A 4096-point FFT gives a resolution of 7.6 Hz. A bandwidth larger than that used in the
idealized case was required to accommodate the large spectral broadening due to acceleration.

The'6-g trajectory has the spectrum shown in Figure 5-5. Notice that the broadened
spectrum for the analysis interval of 0.13 s is over 500 Hz wide. The radial velocity component
of this target is not large, so that the multipath lines remain close to the skin line. This
example confirms the above conclusion that the analysis interval is too long to resolve the
multipath lines because of the acceleration broadening. Figure 5-6 shows what happens when
T. is reduced to its optimal value. Since Popt is less than one, the multipath lines cannot be
resolved because of line broadening even though the effect of the acceleration is significantly
reduced.

CASE STUDY 3

This study considers the trajectory of a constant-velocity incoming target at a range of
approximately 5 km, rising from near the sea surface with a flight-path angle of 60 deg and
speed 660 m/s. In spite of the constant velocity, this target has a range pseudoacceleration
of about 10 g. The spectra for the target and image are shown in Figure 5-7, and represents
a situation in which the spectral resolution should be good because the target and images
have quite different range rates. However, the massive acceleration broadening which occurs
over the 0.13-s sample totally obscures this. An interesting phenomenon is seen in the noisy
plateau of the sum spectrum. This is caused by the peculiar pattern of phase relations
between the three signals.

The Resolution Parameters of this case are P; = 0.45 and P, = 161. The low value of
Py explains the inability to resolve the multipath because of the acceleration broadening.
But since Popt is 8.5, an analysis over the interval Topt = 0.0069 s can accomplish this
resolution. Four such analyses over a shorter interval are shown in Figure 5-8.

An example of the effect of analysis interval on the multipath resolvability and the Res-
olution Parameters is illustrated in Figure 5-9. The upper plot shows an analysis over an
interval of half the optimumn, illustrating the broadening effect of the sinc response to a short
analysis. The center plot is an analysis over the optimum interval, showing the resolved mul-
tipath lines. The bottom plot shows an analysis over an interval of twice the optimum to
illustrate the acceleration broadening. The optimal T, is seen to provide the best resolution
of the multipath lines.

5-2
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CASE STUDY 4

This study considers the trajectory of a target at a range of 10 km near the sea surface
moving nearly straight up at mach 2, to keep the slant range constant. Thus, the radial

- pseudoacceleration and Doppler shift are zero. The spectral resolution (Figure 5-10) is good

because the PLD rate and consequently the image range rate are significant. Note that the
spectral multipath lines are clearly distinguishable for this 0.13- s sample.

The values of the Resolution Parameters are P} = co and P, = 110 for analysis over the
entire data interval, which indicates that the multipath lines are easily resolvable. The value
of Fopt yields an analysis interval not much different than 7j.

CASE STUDY 5

This study considers a trajectory on the vertical plane having both a constant-speed and
a constant-range-rate constraint. Under these conditions, the kinematic equations are

P24 H? = 2 : 61)
2+ HH = v,\/2? 4+ H? .

where v is the constant speed and v, is the constant range rate (with v, < v). The solution
to Equation (5.1) is easily obtained in polar coordinates (r, E'), where r is range and F is an
elevation angle. These are related to horizontal range and height by ¢ = rcos E, y = Hsin E.

The solution is
r(t) =ro + vt

2 _ 42 5.2
E(t):Eo+-—”—”£1n<1+3i3) (5:2)

Eliminating ¢ gives the trajectory

r = roexp (-——”’(E = E")) (5.3)

2 92
v (%=

which is an exponential spiral. This trajectory has p = 0, which makes it easy to resolve the
multipath splitting. A trajectory was formed by taking ro = 10 km, Fy = —0.15 deg, v = 330
m/s, and v, = —200 m/s. The Resolution Parameters have the values P, = oo, P, = 13,
and Popt = 00. An analysis was carried out over 216 data at interval dt = 2 pus. The spectra
of the mixed-down signal are shown in Figure 5-11. As expected, the skin Doppler shift
is a true line, and the multipath shifts are clearly resolved. The widening observed on the
multipath lines are the result of variation in § over the analysis interval.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Two methods were proposed for using W-band radar to get Doppler processing to enhance
information on target motion. The first method involves detecting target maneuvers under
a constant- speed assumption in conditions that are quite general. The second method
involves determining target direction of motion relative to surfaces of constant PLD in some
special circumstances. Several examples were presented to show under which conditions
either method can be used advantageously. The simulations and analysis performed in this
study indicate that the separate multipath lines are present in the spectrum, but that the
signal processing methods based on the Discrete Fourier Transform will only rarely be able to

“ resolve closely spaced multipath lines. However, the use of time- frequency signal processing

techniques such as the Higher Order Ambiguity Function, the Cohen class transforms, and
the Wavelet Transform® show some promise of being able to resolve the multipath lines.

When the special circumstances that allow the resolution of the multipath lines are
present, a significant improvement in track determination is to be expected. The detec-
tion of the special circumstances using standard Fourier processing (i.e., FFTs) has been
reduced to the evaluation of a single parameter, Popta which can be estimated on line during
the course of tracking. When this parameter is comfortably greater than unity, then the
optimum analysis interval T, opt is computed. If T opt is less than the dwell interval, then the
multipath lines are resolvable with standard Fourier techniques and the corresponding com-
putations are performed. Otherwise, P; is computed to see if the dwell interval is sufficiently
long. If P, > 1, then the dwell interval is deemed long enough, and the computations are
performed.

The capability to resolve the multipath lines may be enhanced by a technique of integrat-
ing several spectra over a short time interval. To accomplish this, it will be necessary to
align the spectral peaks that are to be summed in magnitude. This will involve tracking of
the frequency lines. Advanced frequency-line tracking techniques, such as a Hidden Markov
Model-based algorithm (see Reference 10) may prove to be valuable for this application.

When the multipath lines are resolved, two techniques were discussed for enhancing the
accuracy in the estimate of target state. First, the resolved skin line is essentially free of
the effects of reflection at the sea surface. Thus, the monopulse ratio computed at the skin

6-1
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Doppler frequency is relatively free of multipath effects. Secondly, the frequency separa-
tion of the resolved multipath lines provides an estimate of the path-length-difference rate.
This information can serve as an additional measurement that can be incorporated into
the measurement update process by means of the Extended Kalman Filter. Several sub-
sequent studies are needed to translate the concepts of this report into practical methods.
These can be enumerated as (1) pulse Doppler, (2) vibration, (3) noise, (4) time-frequency

representation, and (5) implementation

The continuous-wave formulation used in this report does not provide an estimate of target
range, which is of course essential to this and all other applications. Pulse Doppler provides
range estimates, but introduces ambiguities in both range and frequency. The details of pulse
Doppler and resolving the range and frequency ambiguities would need to be addressed.

An extended target has vibrational modes, which cause relative movement of the scattering
points. The movement of the scattering points gives many different range rates, which vary
with the phase of each mode. These effects may be comparable to or exceed the difference
in range rates of the main target and its image. Quantitative studies are needed.

The simulations presented in this report have ignored the problem of noise. In an actual
situation, diffuse sea-reflection noise, thermal noise in the electronic systems, and other noise
sources would be present. To be useful in practice, the methods suggested in this report need
to be shown practical in the presence of noise. Also, the amount of noise that can be tolerated
without making these methods unworkable needs to be evaluated.

The alignment of spectral peaks discussed is in reality a way of making a time-frequency
analysis. Other methods of time- frequency analysis, some of which have been mentioned,
may provide better resolution of the multipath lines. The relative merits of these methods
need to be studied in order to select one that is effective and computationally easy to apply.

After all the above issues have been considered, an algorithm for implementation of the
multipath-line-splitting feature needs to be written and then tested by simulation and per-

haps with real data.
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day, month, and year, if available (e.g. 1 Jan 88). Must
cite at least the year.

Biock 3. . State
whether report is interim, final, etc. *If applicable, enter
inclusive report dates (e.g. 10 Jun 87 - 30 Jun 88).

Block 4. Title and Subtitle. A title is taken from the
part of the report that provides the most meaningful

and complete information. When a report is prepared
in more than one volume, repeat the primary title, add
volume number, and include subtitle for the specific
volume. On classified documents enter the title
classification in parentheses.

Block 5. Funding Numbers. To include contract and

grant numbers; may include program element
number(s), project number(s), task number(s), and
work unit number(s). Use the following labels:

C - Contract PR - Project

G - Grant TA - Task

PE - Program WU - Work Unit
Element Accession No.

Block 6. Author(s). Name(s) of person(s) responsible
for writing the report, performing the research, or
credited with the content of the report. If editor or
compiler, this should follow the name(s).

Block 7.
address(es). Self-explanatory.

Block 8. Performing Organization Report Number.

Enter the unique alphanumeric report number(s)
assigned by the organization performing the report.

Block 9. Sponsoring/Monitoring Agency Name(s) and
Address(es). Self-explanatory.

Block 10. oring/Monitori ort
Number. (# Known)

Block 11. Supplementary Notes. Enter information not

included elsewhere such as: Prepared in cooperation
with...; Trans. of ,,,; To be published in... . When a
report is revised, include a statement whether the new
report supersedes or supplements the older report.

Block 12a. Distribution/Availability Statement.
Denotes public availability or limitations. Cite any
availability to the public. Enter additional fimitations
or special markings in all capitals (e.g. NOFORN, REL,

ITAR).

DOD - See DoDD 5230.24, “Distribution
Statements on Technical Documents”

DOE - See authorities.

NASA - See Handbook NHB 2200.2

NTIS - Leave blank

Block 12b. Distribution Code.

DOD - Leave blank.

DOE - Enter DOE distribution categories from
the Standard Distribution for
Unclassified Scientific and Technical
Reports. .

NASA - Leave blank.

NTIS - Leave blank.

Block 13. Abstract. Include a brief (Maximum 200
words) factual summary of the most significant
information contained in the report.

Block 14. Subject Terms. Keywords or phrases
identifying major subjects in the report.

Block 15. Number of Pages. Enter the total number

of pages.

Block 16. Price Code. Enter appropriate price code
(NTIS only).

Block 17-19. Security Classifications. Self-

explanatory. Enter U.S. Security Classification in
accordance with U.S. Security Regulations (i.e.,
UNCLASSIFIED). If form contains classified
information, stamp classification on the top and
bottom of this page.

Block 20. Limitation of Abstract. This block must be

completed to assign a limitation to the abstract.

Enter either UL (unlimited or SAR (same as report).
An entry in this block is necessary if the abstract is to
limited. if blank, the abstract is assumed to be
unlimited.
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